Spermatogonial stem cells (SSCs) are the foundation of spermatogenesis throughout postnatal life in male and have the ability to transmit genetic information to the subsequent generation. In this study, we have optimized the transduction efficiency of SSCs using a lentiviral vector by considering different multiplicity of infection (MOI), duration of infection, presence or absence of feeder layer and polycationic agents. We tested MOI of 5, 10 or 20 and infection duration of 6, 9 or 12 h respectively. After infection, cells were cultured for 1 week and as a result, the number of transduced SSCs increased significantly for MOI of 5 and 10 with 6 h of infection. When the same condition (MOI of 5 with 6 hours) was applied in presence or absence of STO feeder layer and infected SSCs were cultured for 3 weeks on the STO feeder layer, a significant increase in the number of transduced cells was observed for without the feeder layer during infection. We subsequently studied the effects of polycationic agents, polybrene and dioctadecylamidoglycyl spermine (DOGS), on the transduction efficiency. Compared with the polybrene treatment, the recovery rate of the transduced SSCs was significantly higher for the DOGS treatment. Therefore, our optimization study could contribute to the enhancement of germ-line modification of SSCs using lentiviral vectors and in generation of transgenic animals.
INTRODUCTION
Spermatogenesis, a series of complex processes that produce spermatozoa in the testes, occurs through consecutive cell divisions and differentiation of germ cells (Russell et al., 1990) . A spermatogonial stem cell (SSC) in an adult rat testis is known to have high productive ability, yielding up to 4,096 spermatozoa (Russell et al., 1990) . As the germ-line stem cells that are the foundation of spermatogenesis, SSCs are the vehicle for delivering the male genetic information to the offspring (Meistrich and van Beek, 1993) . Similar to the characteristics found in other adult stem cells, SSCs can self-renew and differentiate (Meistrich and van Beek, 1993) . Therefore, SSCs are the source of life-long postnatal fertility in males. The SSCs found in the male testes maintain numerical equilibrium through self-renewal after birth. Therefore, when genetic modification is performed at the SSC stage, transgenic offspring are produced, and germline modification allows the stable delivery of the transformed character to the descendants. Early studies regarding the SSCs depended solely on morphological observations due to the absence of a reliable marker until the development of SSC transplantation technique that allowed measurement of biological activity of SSCs (Brinster and Avarbock, 1994; Brinster and Zimmermann, 1994) . Utilizing the SSC transplantation technique, the self-renewal activity and the productive capability of differentiated germ cells derived from transplanted SSC within the recipient seminiferous tubule can be directly analyzed. During the recent years, the SSC transplantation technique has been further improved with purification and efficient recipient animal production technique for SSC (Brinster et al., 2003; Kubota et al., 2003; Ryu et al., 2003; 2004; Shinohara et al., 2000) . These techniques have allowed creation of transgenic animals via genetic modification and transplantation of SSCs that can pass on their traits to the progeny. The use of SSCs is more advantageous compared with pronuclear embryos or embryonic stem cells (ES cell) where the germ-line transmission is only 40-50% (Gordon and Ruddle, 1981) . Therefore, the transgenic animal production using SSCs and the transplantation technique can be used to enhance the production efficiency of transgenic animals.
Several groups have produced transgenic animal using lentivirus-mediated SSC transduction (Hamra et al., 2002; Ryu et al., 2007) . For most of these studies, the transgenic animals were produced by lentiviral infection of highly purified SSCs and transplanting them right into testes of the recipient animals. With the recent developments of the in vitro culture technique of rodent SSCs, the possibility of germ-line modification for cultured cells has been proposed (Kanatsu-Shinohara et al., 2003; Kubota et al., 2004) . If genetic modification and culture techniques of SSC are used simultaneously with a drug selection method, improvements in purity and mass propagation of trans-duced cells are possible. However, specific studies for the transduction of SCCs under in vitro culture conditions are lacking. In this study, as an effort to refine in vitro transduction conditions, we evaluated transduction efficiency of SSCs for various durations of lentiviral treatment, various multiplicities of infection (MOI), and after the addition of polycationic agents or feeder layer.
MATERIALS AND METHODS
Animals B6.129S7-Gtrosa26 (designated ROSA; The Jackson Laboratory) and C57BL/6 mice (designated C57; The Jackson Laboratory) were used as SSC donors. W/W v (designated W; The Jackson Laboratory) male adult mice were used as recipients. All procedures were performed according to the approved guidelines for the ethical treatment of animals as established in the regulations of Chung-Ang University and in compliance with standard international regulations.
SSC isolation and culture
The donor cells were cultured based on the method presented by Kubota et al. (2004) with minor modifications. Donor cells were extracted from ROSA and C57 mice 6-8 days after birth. After removal of the tunica albuginea, the exposed seminiferous tubules were digested with a 2:1 mixture of 0.25% trypsin-EDTA (Invitrogen) and DNase I (7 mg/ml in DPBS; Sigma). Fetal bovine serum (FBS, 10% of trypsin) was added to stop further enzymatic digestion, the resulting cell suspension was filtered with a strainer (pore size, 40 um; BD) and then centrifuged at 600 × g for 7 min at 4°C. SSCs that were isolated from the testicular cell suspension were enriched through magneticactivated cell sorting (MACS) using an anti-Thy-1 antibody (Miltenyi Biotec). Using mouse serum-free medium (MSFM) (Kubota et al., 2004) and mitotically-inactivated STO cell feeders, enriched SSCs were cultivated in the presence of human glial cell-derived neurotrophic factor (GDNF) (R & D Systems), rat GDNF family receptor alpha 1-Fc fusion protein (GFRa1-Fc, R & D Systems), and human basic fibroblast growth factor (bFGF) (BD Biosciences) at final concentrations of 40 ng/ml, 300 ng/ml, and 1 ng/ml, respectively. The SSCs were then subcultured every 7-days with 0.25% trypsin-EDTA at a 1:2-4 dilution. All cultures were maintained with full medium change every 2-3 days at 37°C with 5% CO 2 .
Lentiviral transduction of mouse SSCs
For transduction, the lentiviral vector (pLV-TH) containing the green fluorescent protein (GFP) gene driven by the elongation factor 1 (EF1) promoter was used (Sandrin et al., 2002) . With minor modifications, the lentivirus vector was produced in 293T cells according to the method presented by Watson and Wolfe et al. (2003) . The basic conditions for the viral transduction procedure were as follows; 5 × 10 5 cells were plated per well in a 24-well plate and infected with MSFM containing 10% FBS. The infected SSCs were harvested by gentle pipetting and plated in newly prepared STO feeder cells and cultured 1-3 weeks. The cultured SSCs were dissociated into single cells with trypsin-EDTA and analyzed under the fluorescence microscope to evaluate transduction efficiency. The conditions for lentiviral transduction are as follows; SSCs were infected with lentivirus on mitomycin C-treated STO feeder cells with three different MOIs (5, 10 or 20) for different durations (6, 9, or 12 h). After determining the optimal condition for infection, we examined the effect of feeder layer on the proficiency of transduction. The SSCs were plated in a 24-well plate and infected with in the presence or absence of feeder layer. Third, we studied the effects of different polycationic agents on the transduction efficiency. The SSCs were infected with lentivirus with an MOI of 5 for 6 h in the absence of feeder cells with different polycationic agents. The polycationic agents studied were polybrene (Sigma) at concentration of 4 or 8 ug/ml and dioctadecylamidoglycyl spermine (DOGS; Promega) at concentration of 2 or 4 ug/ml. After viral infection, the SSCs were harvested by pipetting and then washed with MSFM 3 times and cultured for 1 or 3 weeks on STO feeder cells with MSFM. A higher nucleus/ cytoplasm ratio and smaller cell size of SSCs were distinguished from STO feeder cells. The transduction efficiency was evaluated based on the number of GFP expressing SSCs that were scored under the fluorescence microscope (Fig. 1) .
Transplantation Donor lentivirus-infected SSCs were introduced into the W recipient testis via the efferent duct. Two months after transplantation, the recipient mouse testes were collected and examined using a fluorescent microscope to find the GFP-positive colonies of donor SSCs-derived spermatogenesis (see Fig. 6 ). We used W mutant mice as recipients for transplantation to examine whether transduced SSCs could restore the spermatogenesis of the recipient mouse that was congenitally infertile and lack endogenous spermatogenesis due to mutations in the c-Kit receptor tyrosine kinase gene. W mice were also chosen as it has been previously shown that efficient colonization by transplanted SSCs was enhanced in the W testis environment (Chabot et al., 1988; Geissler et al., 1988; Shinohara et al., 2001) . Therefore, the presence of spermatogenesis inside the testes of W mice could only be derived from the transplanted donor SSCs.
Immunohistochemistry
For immunofluorescence staining, testes were fixed in Bouin's solution (sigma) at room temperature overnight, washed in 70% ethanol, embedded in paraffin wax and sliced into 4 µm sections in turn. Sections were dewaxed with zylene for 5 min and rehydrated in 100, 90, 80, and 70% ethanol. The sections were subjected to antigen retrieval in boiling sodium citrate buffer (0.01 M, pH 6.0) for 10 min under microwave and incubated with 0.1% trypsin for 10 min at 37°C. Sections were incubated with PBS containing 0.1% Tween-20 for 5 min at room temperature. Nonspecific binding was blocked by incubating sections in PBS containing 5% BSA and 0.1% Tween-20 for 30 min. After additional washes with PBS containing 0.1% Tween-20, section were incubated for overnight at 4°C with monoclonal mouse anti-tubulin antibody (Abcam), polyclonal rabbit anti-GFP (Abcam) and Alexa flour 488 conjugated peanut agglutinin (PNA) lectin (Invitrogen) with PBS containing 5% BSA and 0.1% Tween-20. The secondary antibodies used were Alexa flour 647 goat anti-mouse (invitrogen) for tubulin and Alexa flour 488 donkey anti-rabbit (invitrogen) for GFP. To preserve fluorescent signals and counter staining, we used Vectashield mounting solution containing DAPI (Vector Laboratories).
Statistical analysis
The analysis of the differences in transduction efficiency between the feeder cell plate and the feeder cell-free plate was conducted using a t-test in SPSS (ver. 12.0, Standard Software Package Inc., USA). The other data were analyzed using ANOVA. If the p-value was < 0.05, then Tukey's HSD was performed. Data were expressed as the mean ± SEM.
